In this work, we present a method able to fabricate thin GaN nanomembranes fit for device applications. Starting from commercial GaN on sapphire substrates, MBE was used to deposit a sacrificial layer, which comprises of a superlattice of InN/InGaN, after which thin a GaN film of hundreds of nanometers thickness was grown on top. Pulsed laser irridiation with photon energy of 2.3eV gives rise to the controlled decomposition of the sacrificial intermediate layer, which can be followed by easy separation of the top GaN membrane from the substrate. This process can be used to manufacture GaN membranes with low defect density and a wider range of thickness. We demonstrated that large area, free-standing GaN membranes, with a thickness from 200nm and up, could be made using this method, and the high crystal quality of the lift-off GaN layers is well preserved in this process.
INTRODUCTION
GaN has become one of the most important semiconductor materials with a wide range of applications in optoelectronic devices, high speed transistors, power electronics and biocompatible materials. Compared to GaN on sapphire or SiC substrate, free-standing GaN films have numerous potential benefits such as strain relief, light extraction and defect reduction. While the high fluence, pulsed excimer Laser lift-off (LLO) has been an established process to separate GaN wafer from sapphire substrates. [1, 2] This method has the limitation that the GaN wafer can be lifted off is over 10um thick. Compared to thicker GaN films, sub-micron thick GaN membranes can be favorable in applications such as improving device performance by relieving as-grown strain, the vertical hetero-integration with non-nitride materials such as Si or polymers, flexible display and lighting devices, etc.
Recently several methods have been investigated to fabricate thin GaN films. In the first method [3] , arrays of GaN nanorods with sidewalls coated with silicon dioxide were randomly arranged on the sapphire substrate as a growth template for subsequent hydride vapor-phase epitaxial growth. A thick GaN layer (300 nm) is grown on top .When growth is done and template is cooled, residue stress in the interface cause the top GaN layer to self separate from the bottom substrate. In the second method [4] , A GaN epi-layer was grown by the Lateral Epitaxial Overgrowith (LEO) method on top of a SiO 2 -coated tungsten (W) mask. During the LEO process voids are formed under the W mask, and by injecting etch solution (KOH) through the voids, GaN near the mask is etched away which eventually released the top epi-layer from the substrate. In the third method [5] , anisotropic electrochemical etching was applied on a GaN substrate, firstly under a smaller voltage which caused anisotropic directional etching from the top down and formation of numerous pores on the GaN template, then the voltage was tuned up which shifted the etching regime to isotropic etching at the etching front in the pores, as the voids at the bottom of the pores expanded and interconnected. Eventually the the top layer was completely released from the bottom layer. However, all these methods rely either on large residue stress or on heavy chemical etching, causing the freestanding film quality degradation and non-suitability for further device applications.
In this study, we present a novel method able to fabricate high quality GaN films as thin as 200nm, which is suitable for electronics device application. Starting from GaN on sapphire substrates, MBE or MOCVD can be used to deposit an epitaxial sacrificial layer, which is a periodic superlattice of alternating sub-nanometer thin InN and GaN. The average indium composition of the superlattice, which can be control from 20%-40% by selecting different growth parameters, verified by XRD and EDS. The sacrificial layer is lattice matched to the GaN substrate, enabling high quality GaN epi-layer growth to an arbitrary thickness. Post-growth, pulsed laser with photon energy of ~2.3eV, which is traveling through GaN layers but strongly absorbed by InN layers, is irradiated on the sample which leads to the controlled decomposition of sacrificial layer and followed by an easy separation of the top GaN film from substructure by an adhesive transfer. This technique can be used to fabricate GaN films with low defect density and a wider range of thickness, especially at sub-micron level.
Experiment Method
Growth of the sacrificial layer and the top epi-layer is accomplished in a plasma enhanced nitride MBE system (Riber) on a commercial HVPE grown GaN on sapphire substrate. The plasma power is fixed with a constant nitrogen flow rate. The growth rate for GaN layers is 7nm per minute and the growth rate for InN is 4nm/min. The sacrificial InN/GaN supelattice is grown by alternately opening and closing the Ga and In shutter, timed to make each layer couple monolayers, ~5Å thick, in order to remain lattice matched to the HVPE GaN layer . During the sacrificial layer growth, the substrate temperature was held constant at 450C° as measured by pyrometer through MgF 2 window. The total periods of the superlattice was varied between 20, 40 and 60 for different samples. After the sacrificial layer was grown, the substrate temperature is ramped up to 650 C° to grow 50nm low temperature GaN buffer layer after which the substrate is further ramped up to 745C°, for the growth of the top GaN epi-layer. The top GaN layer thickness was varied from 200nm to 400nm. The final structure is shown in Fig.1 .The average indium composition was determined by X-ray diffraction measurement (XRD) to be 30% in the sample shown in Fig.2 , and by tuning the growth parameters, the average composition was varied from 20% to 40% Figure 1 The MBE grown structure with the GaN film to be lifted off on top, the HVPE grown GaN on sapphire substrate at the bottom and the superlattice of In/GaN sacrificial layer sandwiched in between.
Figure 2
XRD along 002 symmetrical axis shows the average indium composition in the sacrificial layer to be 30% and the average Ga compositipon is 70% in the sacrificial layer . The blue curve is Omega/2Theta scan; the red curve is the fitting.Satelite peaks are due to film thickness
The laser lift-off experiment was done with a pulsed Nd-YAG laser (Continuum Surelite) operating at an output wavelengh of 1066nm. With the addition of a frequency doubling crystal, it can output pulsed laser with a central wavelengh at 533nm, with corresponding to photon energy of 2.33eV. The laser pulse width is at 10ns. The original output beam has a round beam size of 10mm in diameter with pulse energy density up to 1000mJ/cm 2 . Prior to the lift-off, the sample was diced into 5mmx5mm pieces. Each piece was mounted on a glass slide using Scotch Tape TM . The top of the sample was either exposed, or covered with under tape. Laser with energy density from 100mJ/cm 2 to 1000mJ/cm 2 was experimented. [Fig.3 ] After laser irradiation, if the sacrificial layer is decomposed, the sample color will change from a mirror-like rosy tint to milky white and the top GaN layer can be separated from the substrate by an adhesive transfer. 
DISCUSSION
In the experiment setup, the growth is done in a MBE system, and the same step could be also implanted to a nitride MOCVD systems equipped with Ga and In gas precursors. During the MBE growth of the sacrificial layer the thickness of the InN layer can be controlled by flux and shutter timing, and we found that an average of 20% Indium in the sacrificial layer cannot guarantee the laser decomposition success. However with 30% to 40% average indium composition in the superlattice, the sacrificial layer is prone to heavily absorbing the laser pulse energy and subsequent complete decomposition. The trial laser fluence is selected from 100mJ/cm 2 to 1000mJ/cm 2 . It is found that fluence between 200mJ/cm 2 and 300mJ/cm 2 is optimal for lifting the top GaN membrane from the substrate. With the fluence below 200mJ/cm 2 , the laser energy is not enough to decompose the sacrificial layer, and with the fluence well above 300mJ, the decomposition process is too aggressive that , if the top surface is left exposed and not reinforced by tape or elastomer, the top GaN film can be blown apart by the released nitrogen and broken into pieces. Compared to the orginal laser lift off method of separating thick GaN film from sapphire substrates, which used a fluence range of 400 to 600mJ/cm 2 [1, 2] ,the fluence in this method is only about half, and there are no overlap of between these two fluence regimes. After the laser irradiation, the top film can be transferred by a scotch tape method. A 200nm thick GaN film transferred to scotch tape after 200mJ/cm 2 laser lift off process is shown in Fig.4 . The film is flexible and can be bended along with the supporting tape. Larger size film can be obtained by better focusing of the laser beam and the use of elastomer as support during the separation process. By AFM measurements, the surface roughness of the top surface of the obtained GaN film was around 1nm over 1umx1um area, which suggests that the surface morphology is not affected by the laser irradiation process.
Sample surfaces are also characterized by SEM. Fig.5 shows the boundary between a GaN-released surface and non-released surface after 200mJ/cm 2 laser irradiation. The right image in Fig.5 suggests that during the irradiation process the freestanding GaN film was lifted up by the force of the released nitrogen and is completely detached from the substrate. The decomposed interface is rough, and little spheres can be observed on the exposed surface. EDS measurement indicates that they are indium droplets. Indium droplets are present on both the post lift-off substrate surface and on the underside of the lifted off GaN film, as is evident in Fig.6 . The decomposition residues can be removed by rinsing in hydrochloric acid. . Figure 6 . The underside of a GaN freestanding membrane after laser decomposition of the sacrificial layer shows multiple large In droples.
CONCLUSIONS
GaN thin membrane was fabricated by laser lift-off method with InN/GaN superlattice as the sacrificial layer. The obtainable thickness of membrane is preliminary from 200nm and above with no degradation due to the effect of laser ablation. The optimal laser fluence of the laser was determined to be from 200mJ/cm 2 to 300mJ/cm 2 , below which decomposition was incomplete and above which thin film could be damaged. Overall, the recently developed nano lift-off process is a promising pathway to nanoscale GaN freestanding devices and high quality GaN substrates for various applications.
